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INTRODUCTION 

ce r t a in  f r ac t ion  of the organic carbon i s  l e f t  behind on the re tor ted  shale .  This 
"char" contains a s i g n i f i c a n t  f r ac t ion  of the ava i l ab le  energy in the raw shale a n d  
can ac tua l ly  supply a l l  the  energy f o r  t h e  re tor t ing  process f o r  sha les  assdyed a t  
20 gallons/ton or  g rea t e r  ( 1 ) .  To recover t h i s  energy, t he  char can be burned in 
a i r  or gas i f ied  in 02-steam environments; the l a t t e r  in  order t o  produce a low t o  
inediuin BTU gas which can be burned elsewhere i n  the  p l a n t .  
been conducting k ine t i c  s tud ie s  of the reac t ions  of o i l  sha le  c h a r  in a n  on-going 
research prograin under the sponsorship of DOE. 
of our oxidation experiments (2) and here we will  repor t  on our work with C O 2  a n d  
steani gas i f i ca t ion  of the  char .  

EXPERIMENTAL 
All of the gas i f i ca t ion  experiments were conducted with the same apparatus em- 

ployed i n  the  e a r l i e r  oxidation work a n d  has been described i n  de t a i l  elsewhere ( 2 ) .  
As before,  powdered sha le  saniples (200 mesh) of previously re tor ted  c i l  shale froiii 
the Parachute Creek lneniber in Colorado were suspended from a n  electrobalance a n d  
placed i n  a furnace.  In t h i s  way continuous gravilnetric readings were ava i lab le  t o  
monitor t he  consulliption of the char.  The off-gases were analyzed o n  a Cat:le gas 
chromatograph equipped with a Carbosieve B column. The re tor ted  raw sha le  assayed 
a t  50 GPT and was exposed t o  C02 pressures as high as 100 KPa a n d  H20 pressures as 
high as 75 K P a .  Because there  was evidence of the  water gas s h i f t  reaction during 
steani gas i f i ca t ion ,  separa te  experiments were a l s o  conducted in  order t o  determine 
the r a t e  o f  t h i s  reac t ion  as a function of temperature and concentration of the re-  
a c t a n t  gases.  

Since the char reac t ions  can be accompanied by mineral deconposition reac t ions ,  
every atteiiipt was ttiade t o  i s o l a t e  the per t inent  reac t ions .  
ca t ion  the shale was f i r s t  ra i sed  t o  900 K in a helium environment i n  order t o  allow 
i r r eve r s ib l e  dolomite decomposition t o  take  place.  The predetermined COZ-He m i x  w a s  
then fed to  the reac tor  a n d  the temperature was ra i sed  t o  the desired value.  Since 
steam gas i f i ca t ion  takes place a t  elevated temperatures ( 1 3 7 5 K )  i t  was necessary t o  
f i r s t  decompose the c a l c i t e  present i n  t he  shale t o  CaO. I f  t h i s  was not done, then 
c a l c i t e  decomposition would have occurred siiiiultaneously with steam gas i f i ca t ion .  
This was accomplished i n  a heliuln environinent a t  950K, a teniperature high enough f o r  
c a l c i t e  decomposition but low enough t o  lnininiize char consumption v i a  Cop gas i f i ca -  
t i on .  A few experiments were a l s o  conducted on acid leached sha le .  Here the sha le  
was f i r s t  soaked in e i t h e r  HC1 o r  H2SO4 which removed C a ,  Fe and Mg in  the  former 
case or converted these  eleliients t o  t h e i r  su l f a t e s  i n  the l a t t e r .  Studies of the 
water gas  s h i f t  reac t ion  were conducted a f t e r  reac t ing  the c a l c i t e  with the s i l i c a  
present in  the sha le  t o  form i n e r t  s i l i c a t e s .  For tlicse experiments the shale was 
f i r s t  decharred in 10% 02 a t  700K a n d  then heated t o  1150K i n  one atmosphere of C O 2  
for 12 hours. The presence of COP prevented decomposition of c a l c i t e  t o  CaO during 
t h i s  procedure. The sha le  was then cooled t o  the desired temperature arid various 
C O / H ~ O / C O ~ / H Z  iiiixtures were adiiii t t ed  t o  t he  r eac to r .  

RESULTS 
The r a t e  expression given in Equation 2 )  vias f o u n d  t o  give a 

good cor re la t ion  o f  the  da t a ,  where rcc i s  the C02-char reaction r a t e  in nioles/iiiin., 

During oi l  sha le  r e to r t ing ,  whether i t  be by in - s i tu  or sur face  techniques, a 

Consequently we have 

Ea r l i e r  we reported on the  r e su l t s  

When studying C O 2  g a s i f i -  

co7 Gas i f ica t ion .  
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c i s  the  unconverted char  in moles, the  par , . i a l  pressures are in k i lopasca ls  and the 
ac t iva t ion  energy i s  i n  kcal/mole. Althoupst there  was ind isputab le  evidence o f  the  

co2 + C - 3 2 C O  1 )  

2 )  rcc - kl pcoz 
__._____ -- - 

C 

k ,  = 4.7 x lo6 exp [-44.3/RT] 

1 K1 pco2  + K2 p c o  

K1 = 0.05, K2.-0.4 

inh ib i t i ng  e f f e c t  of C O ,  the value of  K2 i s ,  a t  t h i s  t ime, only an approximation. 
form of Equation 
reported a reaction order  w i t h  r espec t  t o  Cop  of 0.2 ? . 2 .  
d ic ted  by Equation 

ponderance of H2 and CO2 with only a few percent CO.  
s i gn i f i can t  water gas s h i f t  reaction r a t e s  so t h a t  steam gas i f i ca t ion  proceeds accord- 
ing t o  Equations A separa te  deterniination of  the  r a t e  of Equation 3)  was 

The 
1 )  expla ins ,  t o  some degree,  the r e s u l t s  obtained by Burnham ( 3 )  who 

1 )  a r e  about a f ac to r  of th ree  l e s s  t h a n  those ineasured by Burnham. 
However, the  r a t e s  pre- 

Steam Gasification. Steam gas i f i ca t ion  o f  the char was found t o  produce a pre- 
This i s  apparently due t o  

3 )  and 4 ) .  
C + H 2 0 4 C O  + H2 

CO + H20+C02 .I. Hp 
3)  
4 )  

accomplished by i n i t i a l  r a t e  measurements with the  result t h a t  

k 2  = 210 exp [-20.6/RT] 
As expected, the spent sha le  prepared by the procedure described above was found t o  
catalyze the water gas s h i f t  reac t ion  and a reac t ion  r a t e  expression i s  given in  
Equation 6 ) .  k 3  ('LO 'H20 - l / K E  'H2 'c02) 6 )  rwg = 

K3 pcop + K4 'H20 

where k3 = 0 .25  exp L-19.6/RT] 

and K E  i s  the thermodynamic equilibrium cons tan t .  

zero and lOKPa, the  reac t ion  r a t e  incrsused with ingreasing Pco2. I t  i s  hypothesized 
t h a t  the  sweep gas e f f e c t s  pa r t i a l  oxidation/reduction of t he  iron present in  the  
sha le  and t h a t  iron i s  catalyzing the  s h i f t  reac t ion .  To t e s t  t h i s ,  oxidation/reduc- 
t ion  experiments of the spent sha le  were a l s o  ca r r i ed  out .  The weight changes were 
found t o  approximate those expected from the  quant i ty  of iron present and the r a t e s  
appeared t o  be f i r s t  order w i t h  respect t o  unreacted iron and reac tan t  gas concen- 
t r a t ion .  A t  1040K the r a t e  constants fo r  oxi a t ion  in CO2 and reduction in CO o r  

The steam gas i f i ca t ion  r a t e s  f o r  ac id  leached sha le  were found t o  be a s  much a s  a 
fac tor  of f i ve  lower than those measured with thermally decarbonated sha le .  This 
i s  s imi la r  t o  our e a r l i e r  measurements with char ox ida t ion (1 ) .  

mixtures of CO2 and H20 in the sweep gas. 
viously derived a t  Lawrence Livermore Laboratories ( 3 , 4 )  a s  well a s  those given here 

K3 = 0.028, K4 = 0.05 

Equation 6 )  was found t o  be valid only fo r  Pco ; 10KPa. A t  pressures between 

H2 were a l l  comparable a t  about 30 (KPa-min)- v . 

Mixed Gas i f ica t ion .  A s e r i e s  of  experinients were a l s o  conducted using various 
The overa l l  reaction r a t e  expressions pre- 
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were numerically in tegra ted  in  order t o  p r o 4 d e  a bas i s  of comparison between the two 
labora tor ies  a n d  t o  see i f  i so l a t ed  k ine t ic  experiments could be used t o  predict  mixed 
gas i f ica t ion  r e s u l t s .  

I n  general the Livermore r e s u l t s  prediLted char consumption r a t e s  which were much 
higher t h a n  those observed f o r  mixed gas i f i ca t ion  runs with Pco2 > 10KPa. The k ine t ic  
r e s u l t s  from t h i s  work gave reasonable matches t o  t he  data a t  Pco2 < 15 KPa b u t  a l so  
predicted much higher r a t e s  a t  CO2 pressures g rea t e r  than 20 KPa. 
these r e su l t s  i s  shown i n  Figure 1 fo r  a 50-50 mix of CO2 and H20 a t  980K. 
case the dashed curve corresponds t o  the pred ic t ions  of b o t h  l abo ra to r i e s  a n d  the 
experimental r e su l t s  a r e  shown as  data poin ts .  The data c l e a r l y  exh ib i t  a much 
lower char consumption r a t e  t h a n  predicted.  Also shown i n  t h i s  f igure  are  the 
predictions assuming t h a t  only COP gas i f i ca t ion  takes place.  Surprisingly the 
assumption provides a reasonable match t o  the  experimental da ta  and suggests t h a t  
the presence of CO2 i s  somehow inh ib i t i ng  steam gas i f i ca t ion .  I f ,  a s  suggested by 
our char oxidation s tud ie s  ( l ) ,  CaO a c t s  as a steam gas i f i ca t ion  c a t a l y s t ,  a n  ex- 
planation f o r  these r e s u l t s  can be given. That i s ,  the mixed gas i f i ca t ion  experi- 
ments were conducted on sha le  which had  only been subjected t o  dolomite decomposi- 
t i on .  Thus, a t  the  i n i t i a t i o n  of mixed gas i f i ca t ion  the  c a l c i t e  was s t i l l  present 
i n  the shale a n d  would not decompose a t  these temperatures i f  Pco2 >,lOKPa. Since 
t h i s  would prevent formation o f  C a O ,  there would be no c a t a l y t i c  a c t i v i t y  a n d  steam 
gas i f i ca t ion  r a t e s  could be anywhere from a f ac to r  of 3-10 lower than those measured 
in  the presence o f  CaO a n d  given by Equation 4 ) .  
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